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concentrations  caused  clumping  of  nuclear  chromatin  and  of  cytoplasmic  contents. 
Although  alteration  of  kinetoplast  DNA  is  the  first  detectable  drug-induced 
change,  the  function  of  the  kinetoplast  in  mammalian  forms  of  African 
Trypanosomes  is  unclear,  and  the  secondary  changes  in  the  nucleus  and 
cytoplasm  may  constitute  the  functionally  significant  alterations  caused  by 
WR  163577.  .  ( 
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We  also  performed' an  experiment^on  ultrastructural  localization  of  protective 
antigens  of  Plasmodium  yoelii  by  the  use^of  monoclonal  antibodies  and  ultrathin 
cryomicrotomy .  Ere.ema q  -et-  reported/ the  production  of  two  hybridoma  cell 
lines  secreting  monoclonal  antibodies  (25.77  and  25.1),  both  of  which  react 
specifically  with  erythrocytic  merozoites  of  yoelii  in  the  indirect  immuno¬ 
fluorescence  assay.  Antibody  25.77  was  reactive  with  a  localized  region  within 
each  merozoite,  while  antibody  25.1  appeared  to  be  specific  for  the  membrane 
of  schizonts  and  merozoites.  Both  antigens  induced  protective  immunity  in 
mice  against  P^  yoelii.  ,  In  order  to  establish  the  precise  localization  of  these 
protective  antigens  witnin  erythrocytic  merozoites,  ultrathin  cryomicrotomy 
was  used  in  conjunction  with  the  monoclonal  antibodies  and  protein  A-gold. 

Our  results  showed  ^hat  gold  particles  were  exclusively  concentrated  over  the 
rhoptries  when  erythrocytic  merozoites  were  incubated  with  antibody  25.77. 

On  the  other  hand,  gold  particles  were  distributed  uniformly  over  the  merozoite 
surface  when  parasites  were  incubated  with  antibody  25.1.  These  results 
demonstrated,  for  the  first  time,  that  a  protective  antigen  of  the  erythrocytic 
stage  of  P.  yoelii  is  localized  within  the  rhoptries.,  , 

In  addition,  we  studied  the  ultrastructure  of  the  sexual  stages  of 
P.  gallinaceum  during  gametogenesis ,  fertilization,  and  early  zygote  transfor¬ 
mation.  New  observations  were  made  regarding  the  parasitophorous  vacuole 
(PV)  of  gametocytes  and  the  process  of  emergence  in  male  and  female  gametocytes 
Whereas,  female  gametocytes  readily  disrupted  both  the  PV  membrane  and  host 
cell  plasmalemma  during  emergence,  male  gametocytes  frequently  failed  to  break 
down  the  plasmalemma  of  the  host  cell.  Following  fertilization,  the  male  nucleus 
appeared  to  travel  through  a  channel  cl  ^endoplasmic  reticulum  in  the  female 
gamete  before  fusing  with  the  female  nucleus  at  a  region  in  which  the  nuclear 
envelope  is  thrown  into  extrusive  convoluted  folds.  Polarization  of  the  zygote 
nucleus,  in  association  with  the  appearance  of  a  perinuclear  spindle  of  cyto¬ 
plasmic  microtubules,  preceded  all  other  changes  in  the  developing  zygote. 

After  nuclear  polarization  becomes  apparent,  electron  dense  material  is 
deposited  beneath  the  zygote  pellicle  and  a  canopy  is  formed,  which  eventually 
extended  over  the  entire  apical  end  of  the  developing  ookinete. 
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In  conducting  the  research  described  in  this  report,  the  investigators 
adhered  to  the  Guide  for  Laboratory  Animal  Facilities  and  Care,  as  promulgated 
by  The  Committee  on  The  Guide  for  Laboratory  Animal  Resources,  National 
Academy  of  Science  -  National  Research  Council. 
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Detailed  Report 


a)  Fine  structural  alterations  in  Trypanosoma  rhodesiense  treated 
with  the  prophylactic  drug  WR  163577  in  vitro. 


b)  Ultrastructural  localization  of  protective  antigens  of  Plasmodium 

yoelii  by  the  use  of  monoclonal  antibodies  and  ultrathin  cryomicrotomy . 


c)  Ultrastructural  observations  on  gametogenesis ,  fertilization,  and  zygote 
formation  of  the  avian  malarial  parasite.  Plasmodium  gallinaceum. 
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Abstract 


Fine-structural  alterations  in  Trypanosoma  rhodesiense  trypomasti gotes  exposed 
to  WR  163577,  a  prophylactic  agent  against  animal  African  trypanosomiasis, 
were  determined  in  vitro.  Exposure  of  trypomasti gotes  to  a  low  concentration 
of  drug  resulted  only  in  condensation  of  kinetoplast  DNA  fibrils.  Exposure  to 
higher  drug  concentrations  caused  clumping  of  nuclear  chromatin  and  of 
cytoplasmic  contents.  Although  alteration  of  kinetoplast  DNA  is  the  first 
detectible  drug-induced  change,  the  function  of  the  kinetoplast  in  mammalian 
forms  of  African  trypanosomes  is  unclear,  and  the  secondary  changes  in  the 
nucleus  and  cytoplasm  may  constitute  the  functionally  significant  alterations 
caused  by  WR  163577. 


Introduction 


Williamson  commented  in  1976  that  "the  simple  and  distressing  fact  [is] 

that  no  new  effective  drugs  for  [African]  trypanosomiasis,  human  or  animal, 

have  been  brought  into  field  use  for  20  years.”  (6)  In  1978 ,Ki nnamon  and  Rane 
% 

reported  that  1 ,6-bi s(6-ami  no-2-methyl -4-qui nolyl ami  no)  hexane  (WR  163577) 
protected  mice  when  challenged  with  the  Wellcome  CT  strain  of  Trypanosoma 
rhodesiense  up  to  10  months  after  drug  administration  (2).  The  potential  of 
WR  163577  to  protect  animals  for  approximately  a  year  after  single  dosing 
makes  it  a  prime  candidate  for  a  prophylactic  agent  against  trypanosmi asis  in 
Africa,  where  field  conditions  preclude  frequent  visits  to  veterinary 
stations. 

The  mechanism  of  action  of  WR  163577  has  not  been  determined.  We  here 
report  fine-structural  observations  on  the  effect  of  WR  163577  on 
T. rhodesiense  bloodstream  forms  in  vitro. 
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Materials  and  Methods 


Trypomasti gotes  of  the  Wellcome  CT  strain  of  T.rhodesiense  were  obtained 
from  the  blood  of  inoculated  rats  as  previously  descri bed( 1 ) .  A  stock  solution 
of  WR  163577  di ni trate(Wal ter  Reed  Institute  of  Research  drug  inventory)  was 
made  by  dissolving  25  mg  drug  in  1  ml  dimethyl sul foxide(DMSO) , and  was  diluted 
with  parasite  incubation  medium  (1)  before  use.  The  antitrypanosomal  activity 
of  WR  163577  in  vitro  was  quantitated  by  the  inhibition  of  incorporation  of 
radiolabelled  thymidine  and  leucine  into  macromolecules  of  parasites  exposed 
to  1-100  u  g  drug/ml  ,preci sely  as  described  by  Casero  et  al.(l). 

For  electron  microscopy,  50  x  10^  organisms  in  5  ml  of  incubation  medium 

(1)  were  treated  with  10  yl  DMS0(control  cultures)or  5-500  yg  diluted 

drug(experimental  cultures).  After  2  hours  of  incubation  (37°C,  5%  CO-?),  the 

number  and  motility  of  organisms  in  0.1  mm^  of  each  culture  was  determined  in 

a  he'mocytometer.  The  rest  of  each  culture  was  centrifuged  (1000  x  g  x  15’  , 

/• 

RT).  The  pellets  containing  the  parasites  were  resuspended  in  0.1  of 
incubation  medium  to  which  was  added  1.0  ml  of  fixative(0.1  M  cacodylate 
(pH=7.4)  containing  2%  gl utaral dehyde  and  4%  sucrose).  After  being  fixed  for 
1  hr  at  room  temperature,  the  parasites  were  washed  three  times  by 
centrifugation  with  0.1  M  cacodylate  containing  4%  sucrose.  The  washed 
parasites  were  postfixed  in  1%  osmium  tetroxide  for  1  h. .dehydrated  in  an 
ascending  concentration  of  alcohol,  and  embedded  in  Spurr's  medium.  The 
resulting  blocks  were  cut  with  a  Porter-Blum  MT-2  ultramicrotome.  Thin 
sections  on  copper  grids  were  stained  with  1%  uranyl  acetate  and  lead  citrate. 


and  were  examined  with  a  JE0L  100  CX  electron  microscope. 


s  s 


Results 


Trypanosoma  rhodesiense  trypomastigotes  over  3  hours  was  50%  inhibited  by  a 
•  % 

drug  concentration  of  3  pg/ml, and  was  85%  inhibited  by  10  pg  drug/ml.  Fine- 
structural  observations  were  therefore  performed  on  organisms  treated  for  2 
hours  with  O(controls),  1,  10  and  100  pg  drug/ml.  At  the  end  of  the  2  hour 
incubation  period,  control  organisms  were  present  at  a  concentration  of  12  x 
10^/ml  and  were  viable  by  the  criterion  of  vigorous  motility.  Although  12  x 
106  organisms  were  present  in  all  WR  163577-treated  cultures,  the  increased 


activity  of  higher  drug  concentrations  was  apparent  by  observation  of 
motility.  Organisms  exposed  to  1  pg/ml  were  as  vigorously  motile  as  controls; 
organisms  exposed  to  10  pg/ml  were  moderately  motile;  and  organisms  exposed  to 
100  pg/ml  were  barely  motile. 

Fine-structural  observations 


Control  organisms  demonstrated  a  nucleus  with  a  nucleolus,  a  prominent 
Golgi  complex,  a  flagellum  with  a  flagellar  pocket,  ribosomes  and  endoplasmic 
reticulum,  and  many  vesicles  and  osmiophilic  granules(figure  1).  The 
kinetoplast  DNA  of  the  ki netopl ast-mitochondrion  is  located  posterior  to  the 
nucleus  and  consists  of  several  wel 1 -arranged  double  rows  of  fibrils  lying 
parallel  to  each  other(figure  1). 

) 

Parasites  treated  with  1  pg  WR  163577/ml  were  intact  except  for  the  DNA 
of  the  kinetoplast.  Instead  of  being  well  arranged,  the  DNA  fibrils  were 
partially  clumped  together  to  form  electron  dense  granules(figure  2). 
Organisms  exposed  to  10  pg  drug/ml  demonstrated  further  clumping  of  the 
kinetoplast  DNA,  and  an  increased  electron  density  of  the  mitochondrial 
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matri x(figure  3).  In  addition  .exposure  to  this  drug  concentration  resulted  in 
changes  to  organelles  other  than  the  kinetoplast-mitochondrion.  Clumping  of 
chromatin  was  observed  along  the  nuclear  membrane  and  in  the  nuclear  matrix, 
and  scattered  electron  dense  granules  became  apparent  in  the  cytoplasm(figure 

3) . 

'  In  parasites  exposed  to  100  yg  drug/ml,  the  aforementioned  clumping  of 
kinetoplast  DNA  and  of  nuclear  chromatin,  formation  of  electron  dense 
cytoplasmic  granules,  and  swelling  of  the  parasites  became  exacerbated(figure 

4) .  Also, treatment  with  this  dosage  of  drug  resulted  in  swollen,  irregularly 
shaped  mitochrondri a  (fig.  4). 
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Discussion 


The  in  vivo  prophylactic  agent  WR  163577  demonstrated  in  vitro  activity 
against  Trypanosoma  rhodesiense  trypomasti gotes .  Parasite  motility  and 
macromolecular  synthesis  were  unchanged  or  slightly  altered  in  organisms 
exposed  to  1  ng  drug/ml,  but  were  partially  or  completely  suppressed  in 
organisms  exposed  to  10  and  100  yg  drug/ml.  In  organisms  treated  with  1 
pg/ml ,  the  only  discernable  fine-structural  alteration  was  clumping  of  the 
kinetoplast  DNA  fibrils.  Exposure  to  the  higher  drug  concentrations  resulted 
in  clumping  of  nuclear  chromatin  and  of  cytoplasmic  material  in  addition  to 
kinetoplast-mitochondrial  changes.  Condensation  of  kinetoplast  DNA  is 
therefore  the  primary  fine-structural  mechanism  of  WR  163577,  and  condensation 
of  nuclear  nucleic  acid  and  cytoplasmic  material  are  the  secondary  mechanisms. 

In  solution,  the  base  of  WR  163577  dinitrate  is  a  positively  charged 

cation, as  are  the  bases  of  the  classical  antitrypanomonal  agents  pentamidine, 

/ 

hydroxystilbamidine,  and  Berenil (diamidines) ,  Ethidium(an 
ami ndphenanthridi ne) ,  and  Antrycide(an  ami noqui nal di ne) .  The  initial 
morphologic  change  in  T. rhodesiense  exposed  to  each  of  these  latter  five 
agents  is  condensation  of  kinetoplast  DNA(3,5).  Pentamidine  additionally 
produces  a  reduction  in  ribosomal  density(3)  and  segregation  of  the  nucleolus 
into  dark  and  light  masses(5).  Because  interaction  of  cationic  drugs  with 
nucleic  acids  is  reasonable,  and  because  all  the  drugs  initially  alter 
kinetoplast  DNA,  it  is  tempting  to  ascribe  their  activity  to  derangement  of 

4 

kinetoplast  DNA  function.  However,  the  function  of  the  kinetoplast  and  its 
DNA  is  not  well  described.  Furthermore,  there  are  naturally  dyskinetoplastic 
trypanosomes  in  which  the  kinetoplast  DNA  is  represented  by  a  fibrous  knot(4), 
but  which  are  pathogenic  to  mammals(5).  Such  considerations  led  Williamson  to 
conclude  that  condensation  of  kinetoplast  DNA  is  unlikely  to  be  the  mechanism 


of  activity  for  the  5  classical  agents(5).  Similarly,  the  striking  changes  in 
the  kinetoplast  DNA  produced  by  WR  163577  may  only  be  functionally  significant 


if  that  organelle  is  found  to  be  necessary  for  mammallian  pathogenicity.  In 


the  light  of  present  knowledge,  it  may  be  hypothesized  that  the  secondary 


alterations  in  the  parasite — clumping  of  nuclear  nucleic  acid  and  of 


cytoplasmic  components — are  likely  to  be  the  morphologic  mechanisms  for  this 


antitrypanosomal  agent. 


Figure  1: 


Figure  2: 


Figure  3: 


Figure  4: 


Figure  Legends 

Electron  micrograph  of  non-drug  treated  T.  rhodesiense 
trypomastigotes  (control).  The  nucleus  (N),  nucleolus  (n), 
kinetoplast  DNA  (KD),  flagellum  (F),  ribosomes,  and  sub- 
pellicular  microtubules  (Mt)  ahe  easily  seen.  X20,000. 

Inset:  A  high  magnification  micrograph  showing  a  kinetoplast 
with  well-arranged  rows  of  DNA  fibrils.  X48.000. 

Electron  micrograph  of  _T.  rhodesiense  exposed  to  1  yg 
of  WR  163577/ml.  The  nucleus  (N)  and  cytoplasm  are 
unaltered  with  the  exception  of  the  kinetoplast  (See  inset). 
X21.000.  Inset:  A  kinetoplast  at  higher  power,  demonstrating 
partial  clumping  of  its  DNA.  X58,000. 

Electron  micrograph  of  T_.  rhodesiense  exposed  to  10  yg  of 
WR  163577/ml.  Marked  clumping  of¥nuclear  chromatin  (C)  and  of 
cytoplasmic  contents  in  addition  to  condensed  kinetoplast  DNA 
(arrow)  is  seen.  Decreased  density  of  cytosol  also  is  apparent. 
X30.000. 

Electron  micrograph  of  T. rhodesiense  exposed  to  100  yg  of 
WR  163577/ml.  Exacerbation  of  changes--  such  as  condensation  of 
kinetoplast  DNA  (arrow),  clumping  of  nuclear  chromatin  (N), 
and  a  decrease  in  density  of  the  cytosol  with  scattered, electron 
dense  granular  material  (G)--  is  evident.  X58.000. 
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Clinical  and  naturally  acquired  immunity  to  malaria  is  directed  mainly 
against  the  asexual  erythrocytic  stage  and  protective  antibodies  against  this 
stage  are  of  importance  in  elimination  of  the  parasites.  It  has  been  suggested 
that  the  protective  antibodies  act  against  either  mature  schizonts  or  extra¬ 
cellular  merozoites  (1,  2).  Recently,  Holder  and  Freeman  reported  (3)  that 
two  protective  protein  antigens  of  230,000  and  235,000  molecular  weight  (MW) 
are  associated  with  the  erythrocytic  stage  of  Plasmodium  yoelii  and  can  be 
purified  using  monoclonal  antibodies.  The  230,000  MW  antigen  was  recognized 
by  antibody  25.1  and  the  235,000  MW  antigen  was  recognized  by  antibody  25.77. 
In  the  indirect  immunofluorescence  assay,  antibody  25.1  appeared  to  react 
specifically  with  schizont  membrane  and  the  surface  of  the  erythrocyte  merozoite, 
whereas  antibody  25.77  appeared  to  react  with  a  localized  region  within  the 
merozoite . 

In  order  to  determine  the  ultrastructural  localization  of  these  protective 
antigens,  frozen  sections  of  the  erythrocytic  parasites  prepared  by  cryoultra- 
microtomy  (4,  5)  were  reacted  with  the  monoclonal  antibodies  and  then  the 
binding  sites  of  the  antibodies  were  visualized  by  formation  of  protein  A-gold 
complexes  (6). 

Our  data  showed  that  the  230,000  N1W  antigen,  or  a  fragment  of  it, 
recognized  by  antibody  25.1  is  distributed  over  the  surface  of  merozoites 
and  that  the  235,000  MW  antigen,  recognized  by  the  antibody  25.77  is 
located  within  the  rhoptries  of  merozoites. 

MATERIALS  AND  METHODS 

Virulent  P.  yoelii  (17XL  strain)  was  maintained  either  as  a  frozen  stabilate 
at  - 70°C  or  by  repeated  blood  passage  through  BALB/c  mice.  Parasitized 
erythrocytes  were  collected  in  heparinized  0.  1M  phosphate  buffered  saline 
(PBS),  at  pH  7.3.  After  washing  with  PBS,  the  erythrocytes  were  fixed  with 
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1 %  formaldehyde  containing  0.2%  glutaraldehyde  in  PBS  for  10  min.  at  4°C 
and  stored  in  PBS  until  used.  An  aliquot  of  unfixed-erythrocytes  was  lysed 
with  0.013%  saponin  to  prepare  free  forms  of  the  erythrocytic  stages  of  the 
parasites  (7). 

Monoclonal  antibodies  25.1  and  25.77  were  purified  by  protein  A-Sepharose 
chromatography  from  ascites  fluids  of  mice  carrying  the  hybridomas  WIC  25.1 
and  WIC  25.77,  as  described  previously  (3). 

For  visualization  of  bound  antibodies,  colloidal  gold  particles  were  prepared 
by  reducing  HAUCL^  with  sodium  ascorbate,  according  to  the  method  of 
Horrisberger  (8).  The  particles  were  absorbed  with  Staphylococcal  protein 
A  (Pharmacia  Fine  Chemicals,  Sweden)  to  prepare  a  stabilized  suspension  of 
protein  A-gold  complexes  (6).  The  preparation  was  pelleted  to  remove  excess 
protein  A  at  50,000g  for  45  min.  The  pellet  was  then  suspended  in  PBS 
containing  0.05%  carbowax  (MW  20,000)  and  centrifuged  in  a  10-30%  continuous 
glycerol  gradient  at  48,000g  for  30  min.  to  select  homogeneous  sized  particle 
fractions.  The  fractions  were  dialyzed  against  O.OiM  PBS  overnight  and 
stored  at  4°C. 

The  fixed  erythrqcytes  were  embedded  in  30%  bovine  serum  albumin  (BSA) 
cross-linked  with  0.5%  glutaraldehyde  for  30  min.  at  room  temperature.  The  gel 
was  incubated  in  1 . 3M  sucrose  for  60  min.  and  frozen  in  liquid  nitrogen.  Frozen 
thin  sections  were  cut  by  cryoultramicrotomy  at  -90°C  (4)  and  picked  up  with  a 
wire  loop  filled  with  2.3M  sucrose  in  PBS.  They  were  then  transferred  to  a 
carbon  coated  formvar  grid,  freshly  cleaned  in  an  ion  glow  discharge',  and  then 
washed  in  phosphate  buffered  saline  containing  0.01M  glycine  (PBS  +G)  . 

The  sections  on  grids  were  floated,  sections  down,  on  a  drop  of  a  solution 
containing  monoclonal  antibody  25.1  (330  ug/ml)  or  25.77  (200yUg/ml)  diluted 
with  PBS  +  G  for  60  min.  at  room  temperature.  After  washing  in  PBS  +  G, 


they  were  then  put  on  a  drop  of  protein  A-gold  solution  in  PBS  +  G,  containing 
1%  BSA  for  60  min.  at  room  temperature,  followed  by  washing  in  PBS  +  G.  The 
sections  were  then  fixed  with  0.5%  glutaraldehyde  in  PBS  and  rinsed  in  distilled 
water.  After  staining  with  0.5%  osmium,  1%  neutral  uranyl  acetate,  3%  acidic 
uranyl  acetate,  and  1%  lead  citrate,  sections  were  finally  embedded  in  the  mixture 
of  0.8%  methycellulose  and  0.3%  polyethylene  glycol  (MW  1540)  in  distilled  water. 

Unfixed  erythrocytes,  treated  with  0.013%  saponin,  were  incubated  with 
the  antibody  25.1.  After  washing  with  the  culture  medium  199,  they  were 
incubated  with  protein  A-gold  for  60  min.  and  then  washed  and  fixed  with  0.5% 
glutaraldehyde.  Finally,  the  suspension  of  erythrocytes  was  processed  for  electron 
microscopy.  In  order  to  demonstrate  the  specificity  of  the  labeling,  the  following 
controls  were  performed:  1)  IgG  from  normal  mouse  serum  was  used  instead  of 
monoclonal  antibodies.  2)  The  preparations  were  incubated  with  protein  A-gold 
alone. 

RESULTS  AND  DISCUSSION 

Immunocytochemical  labeling  of  frozen  sections  of  the  erythrocytic  stages 
of  P.  yoelii,  incubated  with  antibody  25.1,  showed  the  binding  of  gold  particles 
to  the  plasma  membrane' of  each  merozoite  (Fig.  1).  No  specific  binding  of  gold 
particles  was  found  on  the  membrane  of  other  erythrocytic  stages  of  the  parasite. 
When  extracellular  mature  schizonts  and/or  merozoites,  prepared  by  lysing  the 
parasitized  erythrocytes  with  saponin,  were  incubated  with  antibody  25.1,  gold 
particles  were  clearly  bound  to  the  surface  of  parasites  (Fig.  2).  After 


incubation  of  thin  sectioned  P.  yoelii  erythrocytic  stages  with  antibody  25.77, 
gold  particles  were  specifically  bound  to  electron-dense  rhoptries,  which  are 
located  at  the  apical  end  of  the  merozoite  (Fig.  3).  When  IgG  from  normal 
mouse  serum  was  used  instead  of  the  monoclonal  antibodies,  no  gold  particles 
were  associated  with  the  parasites.  Similarly,  protein  A-gold  did  not  bind 
to  the  parasites  incubated  with  protein  A-gold  alone. 
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Monoclonal  antibody  25.1,  which  recognized  a  230,000  MW  antigen  of  the 
erythrocytic  stages  of  P.  yoelii  and  a  series  of  processing  fragments  derived 
from  it,  was  reported  to  react  with  the  surface  of  the  merozoite  in  the  indirect 
immunofluroescence  assay.  Our  results  confirm  that  the  230,000  MW  antigen  is 
present  on  the  parasite  plasma  membrane  of  schizonts  and  merozoites.  It  has 
been  suggested  that  antibodies  against  the  surface  antigens  of  merozoites  are 
important  for  the  elimination  of  parasites.  These  antibodies  may  inhibit 
merozoite  invasion  of  the  erythrocyte  and  may  facilitate  phagocytic  ingestion 
of  the  parasites  by  macrophages  (9,  10).  Recently,  it  has  been  reported 
that  an  inhibitory  monoclonal  antibody  reacts  with  a  230,000  MW  antigen  over 
the  surface  of  merozoites  of  the  monkey  malaria  parasite,  P.  knowlesi  (11). 
Although  the  antibody  25.  1  was  not  effective  against  P.  yoelii  infection  on 
passive  transfer  (12),  mice  immunized  with  the  230,000  MW  P.  yoelii  antigen 
were  protected  against  a  challenge  with  P.  yoelii.  Thus,  the  humoral  immune 
response  to  the  230,000  MW  antigen  may  not  be  enough  to  establish  protective 
immunity  to  P.  yoelii  infection.  It  is  well  known  that  not  only  B  cells,  but 
also  T  cells  play  key  roles  in  the  development  of  protective  immunity  to 
malaria.  Animals,  depleted  of  T  cells,  are  unable  to  control  parasitemia 
satisfactorily  (13).  Alternatively,  antibody  25.1  may  react  with  a  determinant 
on  the  230,000  MW  protein,  which  is  different  from  the  determinants  concerned 
with  the  induction  of  protective  immunity. 

Monoclonal  antibody  25.77,  which  recognized  the  235,000  MW  antigen,  was 
reported  to  react  specifically  with  a  localized  region  within  the  merozoite  by 
indirect  immunofluorescence.  Antibody  25.77  was  protective  on  passive  transfer 
(12),  and  mice  immunized  with  the  purified  235,000  MW  antigen  were  successfully 
protected  against  P.  yoelii  infection  (3).  Our  results  demonstrate  the  localization 
of  the  235,000  MW  antigen  within  the  rhoptries  of  P.  yoelii  merozoites.  A  ductule 
runs  from  the  rhoptries  to  the  apical  end  of  the  merozoite,  which  is  the  contact 
point  of  the  merozoite  and  the  membrane  of  the  erythrocyte  during  invasion. 
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This  ductule  is  thought  to  release  the  rhoptry  contents  from  the  apical  end  on 
to  the  erythrocyte  membrane  (14,  15),  and  it  has  been  suggested  that  rhoptry 
contents  may  be  concerned  with  merozoite  entry  into  erythrocytes  (16).  There¬ 
fore,  the  235,000  MW  antigen,  localized  in  the  rhoptries,  may  play  an  important 
role  during  invasion  of  P.  yoelii  merozoites  into  erythrocytes,  and  antibody  25.77 
may  inhibit  invasion  by  inactivating  the  function  of  rhoptries  or  of  the  rhoptry 
contents. 
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Figure  Legends 


Fig.  1 


Fig.  2 


Fig.  3 


Electron  micrograph  of  a  cryosectioned  P.  yoelii  merozoite  (M) 
reacted  with  antibody  25.1  and  followed  by  protein  A-gold  label. 
Gold  particles  (arrow)  bind  to  the  plasma  membrane  of  the  parasite 
X98.000 

Electron  micrograph  of  an  epoxy  embedded  and  thin  sectioned 
extracellular  merozoite  (M)  after  saponin  treatment.  The  parasite 
was  reacted  with  antibody  25.1  and  followed  by  protein  A-gold 
label.  Gold  particles  (arrow)  are  seen  along  the  parasite's 
plasma  membrane.  Note  an  electron-dense  membrane  bound 
rhoptry  (R)  in  the  merozoite.  X57.000 

Electron  micrograph  of  a  cryosectioned  P.  yoelii  merozoite  (M) 
which  was  reacted  with  antibody  25.77  and  followed  by  protein 
A-gold  label.  Gold  particles  (arrow)  bind  specifically  to 
rhoptries  (R).  X62.000 
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SYNOPSIS 


The  ultrastructure  of  the  sexual  stages  of  Plasmodium  gallinaceum 
during  gametogenesis,  fertilization,  and  early  zygote  transformation  are 
described.  New  observations  are  made  regarding  the  parasitophorous  vacuole 
(PV)  of  gametocytes  and  the  process  of  emergence  in  male  and  female 
gametocytes.  Whereas  female  gametocytes  readily  disrupted  both  the  PV 
membrane  and  host  cell  plasmalemma  during  emergence,  male  gametocytes 
frequently  failed  to  break  down  the  plasmalemma  of  the  host  cell.  New 
observations  and  hypothesis  are  presented  on  the  behavior  of  the  male 
gamete  nucleus.  Following  fertilization,  the  male  nucleus  appears  to  travel 
through  a  channel  of  endoplasmic  reticulum  in  the  female  gemote  before 
fusing  with  the  female  nucleus  at  a  region  in  which  the  nuclear  envelope 
is  thrown  into  extensive  convoluted  folds. 

Polarization  of  the  zygote  nucleus,  in  association  with  the  appearance 
of  a  perinuclear  spindle  of  cytoplasmic  microtubules,  preceded  all  other  changes 
in  the  developing  zygote.  After  nuclear  polarization  becomes  apparent, 
electron  dense  material  is  deposited  beneath  the  zygote  pellicle,  and  a  canopy 
is  formed,  which  eventually  extends  over  the  entire  apical  end  of  the  developing 
ookinete.  As  the  apical  end  begins  to  extend  outward,  polar  rings,  micronemes, 
and  subpellicular  microtubules  become  visible  in  this  portion  and  a  "virus-like" 
inclusion  known  as  a  crystalloid  is  formed  in  the  posterior  portion  of  the 
zygote. 

When  female  gametes  are  prevented  from  being  fertilized,  the  cytoplasm 
at  24  hours  after  gametogenesis  is  devoid  of  most  of  those  organelles  found 
in  the  developing  zygote  or  the  mature  ookinete.  The  cell  is  surrounded 
only  by  a  single  membrane.  Although  at  various  points  beneath  the  membrane 
there  are  deposits  of  electron  dense  material  reminiscent  of  those  deposited 
in  the  zygote,  no  further  development  of  ookinete  structures  takes  place  in 
the  unfertilized  female  gamete. 


INTRODUCTION 


When  malaria-infected  blood  is  ingested  by  a  mosquito,  transformation 
of  the  malarial  gametocytes  to  gametes  is  initiated,  and  fertilization  of  female 
by  male  gametes  takes  place  in  the  lumen  of  the  mosquito  midgut.  The 
resultant  zygotes  differentiate  in  the  course  of  about  24  hours  into  motile 
ookinetes  which  cross  the  mosquito  midgut  wall  to  become  oocysts  and 
eventually  infected  sporozoites  in  the  salivary  glands  of  the  mosquito.  The 
process  of  transformation  of  the  gametocytes  of  malaria  parasites  and  other 
Haemosporina  into  male  and  female  gametes  and  subsequent  fertilization 
have  been  described  at  an  ultra  structural  level  for  several  species  including 
the  avian  parasites,  Leucocytozoon  (3),  Haemoproteus  (16,  31),  and  Parahaemo- 
proteus  (13)  and  the  mammalian  malaria  parasites,  Plasmodium  yoelii  nigeriensis 
(30)  and  P.  falciparum  (29).  Ultrastructural  studies  have  also  been  reported 
on  the  morphology  of  the  ookinete  in  various  species  of  Haemosporina  and  its1 
transformation  to  the  oocyst  (5,  11,  18-20).  The  transformation  of  the  zygote 
to  ookinete  has  been  described  in  some  detail  for  Haemoproteus  columbae 
(16,  17)  but  only  to  a  limited  extent  in  Plasmodium  (24). 

In  the  present  Study,  we  have  examined  the  events  from  the  initiation 
of  gametogenesis  to  fertilization  and  the  transformation  of  the  zygote  to  the 
morphologically  mature  ookinete  in  the  chicken  malaria  Plasmodium  gallinaceum, 
a  species  now  used  extensively  in  the  study  of  the  sexual  and  mosquito  midgut 
stages  of  malarial  parasites  (4,  21-23,  25-27).  The  development  of  methods 
for  obtaining  large  numbers  of  purified  gametes  and  zygotes  of  P.  gallinaceum 
and  the  cultivation  of  these  stages  in  vitro  to  mature  and  infective  ookinetes 
has  facilitated  electron  microscopic  studies  of  the  transformation  of  zygotes 
to  ookinete  in  this  species  of  malaria  parasite  (10,23).  We  have  concentrated 
our  studies  here  on  aspects  of  these  transformations  not  previously  examined 
in  detail.  These  aspects  concern  primarily  the  events  associated  with  the 
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emergence  of  the  gametocytes  from  the  host  cell  during  gametogenesis  and 
the  events  associated  with  fertilization  and  early  transformations  in  the 
zygote.  We  have  also  noted  the  ultrastructural  development  of  female  gametes 
which  have  not  been  fertilized  but  were  otherwise  grown  under  conditions 
which  support  the  transformation  of  the  zygotes  to  mature  ookinetes  (10). 

MATERIALS  AND  METHODS 

Parasitized  blood  from  New  Hampshire  Red  chickens  infected  with 
P.  gallinaceum  at  a  50  to  60%  parasitemia  was  drawn  from  the  heart  in 
a  heparinized  syringe  and  immediately  diluted  in  20  volumes  of  suspended 
activation  (SA)  solution  (10  raM  Tris,  166  mM  NaCl  and  10  mM  glucose  at 
pH  7.4)  (26).  In  this  solution,  transformation  of  gametocytes  into  gametes 
is  prevented.  A  sample  of  this  material  was  immediately  fixed  for  electron 
microscopy  as  described  below. 

The  remainder  of  the  preparation  was  resuspended  in  a  gametogenesis 

activating  solution  (10  mM  Tris,  166  mM  NaCl,  lOmM  glucose,  25  mM  NaHCO^, 

pH  8.0  supplemented  with  10%  chicken  serum).  In  this  solution,  gametogenesis 

is  triggered  immediately  (26).  Samples  of  the  activated  material  were  fixed  for 

« 

electron  microscopy  at  intervals  from  2  minutes  to  2  hours  after  initiation. 
Zygotes  of  more  than  2  hours  post  fertilization  were  purified  as  described  by 
Kaushal  et  al.  (23)  and  incubated  under  conditions  supporting  ookinete 
formation  (10)  in  medium  199  supplemented  with  2  mM  L-glutamine  2.5,ug 
gentamycin /ml ,  100  Mg  penicillin /ml  100  units  insulin/ml  and  1  unit  streptomycin 
/ml  at  a  zygote  concentration  of  2  X  lO^/ml.  Preparations  of  unfertilized  female 
gametes  were  obtained  by  diluting  the  cells  in  at  least  200x  their  usual  volume 
in  a  serum  free  solution  immediately  after  initiating  gametogenesis  as  described 
above.  After  2  hours  under  these  conditions,  the  male  gametes  were  no 
longer  capable  of  fertilizing  the  females,  and  the  unfertilized  female  gametes 
were  concentrated  and  purified  and  cultured  in  the  same  manner  as  the  zygotes. 


Samples  of  the  parasites  were  fixed  for  electron  microscopy  at  various 
times  after  initiating  gametogenesis .  All  samples  were  fixed  in  1.25%  glutaral- 
dehyde,  0.1  M  Na  cacodylate,  4%  sucrose,  pH  7.4,  at  room  temperature  for 
1  hour.  The  samples  were  then  washed  in  0.1  M  cacodylate  buffer,  pH  7.4, 
post-fixed  in  a  1%  (w/v)  OsO^  solution  in  0. 1 M  cacodylate  buffer  and  dehydrated 
in  a  descending  series  of  alcohol  and  acetone.  Samples  were  embedded  in 
Spurr  and  the  material  sectioned  with  a  diamond  knife  on  a  Porter-Blum  MT-2 
ultramicrotome,  mounted  on  200  mesh  copper  grids,  stained  with  1%  uranyl 
acetate  and  lead  citrate,  and  examined  with  a  JEOL  100CX  electron  microscope. 

RESULTS 

Intracellular  Gametocytes  before  Activation 

Although  the  fine  structure  of  the  intracellular  gametocytes  of  P.  gallinaceum 
before  activation  and  gametogenesis  have  been  previously  described  (2,  32),  it 
is  necessary  to  review  their  basic  structure  in  order  to  understand  their 
subsequent  transformations.  Gametocytes  of  this  species  (Fig.  1)  are  surrounded 
by  a  pellicular  complex,  consisting  of  three  sets  of  membranes.  The  outermost 
membrane  represents  the  parasitophorous  vacuole  membrane  (PVM)  and  the 
middle  membrane  is  the  plasmalemma  of  the  gametocyte.  The  intervening  space 
between  these  two  membranes  is  thus  the  parasitophorous  vacuole  (PV)  . 

Unlike  that  of  the  trophozoites  and  schizonts,  which  is  electron  lucent  (1,  2), 
the  PV  of  the  gametocytes  of  P.  gallinaceum  and  other  avain  Haemospornia  is 
of  similar  electron  density  to  the  cytoplasm  of  the  host  cell  (2,  31),  suggesting 
the  possibility  of  significant  functional  differences  between  the  PVM's  of 
gametocytes  and  asexual  parasites.  The  asexual  trophozoites  are  distinguished 
from  gametocytes  by  the  absence  of  the  third  membrane  beneath  the  parasite 
plasmalemma  (1)  which  in  the  gametocytes  consists  of  two  closely  opposed  unit 
membranes  entirely  surrounding  the  parasite  (2,  32). 


The  cytoplasmic  structures  of  avian  gametocytes  have  been  fully 
described  (1,  32).  In  addition  to  those  organelles  present  in  all  blood 
stages  of  these  parasites,  mitochondria,  ribosomes,  and  endoplasmic 
reticulum  (ER)  and  pellicular  cytostomes,  the  cytoplasm  of  mature  gametocytes 
contains  numerous  "osmiophilic  bodies"  which  are  unit  membrane  bound, 
highly  electron  dense  spherical  structures  with  ducts  connecting  to  the 
parasite  plasmalemma.  These  organelles  are  believed  to  be  involved  in 
disrupting  the  host  cell  membranes  during  gametogenesis .  The 
gametocyte  of  P.  gallinaceum  contains  a  Golgi  apparatus  (32)  and  a  structure 
known  as  a  "spherical  body"  (Fig.  3),  which  is  also  found  in  merozoites 
and  young  trophozoites  of  P.  gallinaceum  (1).  The  function  of  this  organelle 
is  unknown.  It  is  similar  in  form  to  the  male  gamete  nucleus  as  found  in 
the  zygote  following  fertilization  (Fig.  9)  and  may  thus  be  a  source  of 
confusion  in  interpreting  the  behavior  of  the  male  nucleus  in  the  zygote. 

The  cytop'  sm  of  both  male  and  female  gametocytes  of  P.  gallinaceum  and 
other  avian  haemospornia  contains  a  centriole  consisting  of  a  single  central 
microtubule  connected  by  filamentous  spokes  to  a  circle  of  nine  individual 
microtubules,  the  e'ntire  structure  being  embedded  in  a  matrix  of  electron- 
dense  material  (13,  16,  31,  32).  The  cytoplasm  of  the  host  cells  of  P. 
gallinaceum .  whether  containing  gametocytes  or  asexual  parasites,  frequently 
contained  electron  lucent  channels  often  associated  with  the  host  cell  nucleus 
(Fig.  2). 

The  nucleus  of  the  gametocytes  of  both  sexes  is  surrounded  by  an 
envelope  consisting  of  two  membranes  (Fig.  4,  7).  The  ground  substance 
of  the  nucleus  is  of  an  uneven  granular  nature  and  contains,  in  the  female 
only,  a  nucleolus  (32).  Neither  spindle  microtubules  nor  other  indications 
of  nuclear  division  are  seen  at  this  stage  in  the  gametocyte  nucleus. 


Gametogenesis 

Following  a  stimulus  to  undergo  gametogenesis,  changes  in  the 
gametocytes  become  apparent  within  one  or  two  minutes  (26).  Two 
distinct  sets  of  processes  take  place  simultaneously:  1.  The  process 
of  emergence  whereby  the  gametocytes  shed  the  enclosing  host  cell  and 
2.  the  intracellular  changes  within  the  gametocyte  leading  to  the  formation 
of  gametes,  most  notably  in  the  male  gametocyte.  Although  these  processes 
overlap  in  time  to  a  considerable  extent,  they  will  be  described  separately. 

i.  Emergence  of  gametocytes  from  host  cell 

Within  one  or  two  minutes  of  being  stimulated  to  undergo  gametogenesis, 
both  the  gametocyte  and  the  host  cell  loose  their  oval  shape  in  the  process 
of  "rounding  up".  The  subpellicular  microtubules,  reported  to  be  occasionally 
present  in  the  gametocytes  of  P.  gallinaceum  (2),  were  not  seen  in  the  rounded- 
up  stages. 

Accompanying  the  process  of  "rounding  up",  the  disruption  of  the 
host  cell  membranes  begins.  In  order  to  release  a  fully  extracellular 
gametocyte,  both  the  plasmalemma  of  the  host  RBC  and  the  PVM  must  break 
down.  These  and  other  processes  associated  with  emergence  showed 
characteristic  differences  between  male  and  female  gametocytes. 

In  the  male  gametocyte,  the  PVM  was  invariably  the  first  of  the 
two  host  cell  membranes  to  disintegrate.  Fragments  of  the  membrane 
collected  in  multilaminated  myelin-like  structures  as  plates  or  whorls 
in  the  cytoplasm  of  the  host  cell  (Figs.  5,  6).  At  the  same  time,  the 
cytoplasm  of  the  host  cell  became  filled  with  numerous  unit  membrane- 
bound,  bleb-like  vacuoles  (Figs.  4-6)  and  the  host  cell  cytoplasm 
rapidly  lost  electron  density  (Figs.  5,  6).  The  plasmalemma  of  the 
host  RBC  nevertheless  remained  morphologically  intact  as  its  soluble 
contents  were  apparently  lost.  The  host  cell  nucleus,  as  well  as  the 


fully  rounded  gametocyte  and  the  multilaminate  fragments  of  PVM, 
became  tightly  enclosed  within  the  host  cell  plasmalemma  (Fig.  5). 

Finally,  the  RBC  plasmalemma  may  disintegrate,  leaving  a  fully  extra¬ 
cellular  male  gametocyte  in  the  process  of  gametogenesis.  Many  male 
gametocytes,  however,  failed  to  disrupt  the  RBC  plasmalemma  before  the 
release  of  the  male  gametes  during  exflagellation .  In  such  cases,  the 
male  gametes  became  trapped  within  the  host  cell  membrane. 

Emergence  of  female  gametocytes  was  a  much  more  reliable  process 
than  that  of  male  gametocytes.  All  surrounding  host  cell  membranes 
were  almost  invariably  shed  by  any  female  gametocyte  of  sufficient  maturity 
to  begin  the  process.  The  early  stages  of  emergence  of  female  gametocytes 
was  similar  to  that  of  the  males  as  the  PVM  broke  down  and  collected  in 
the  host  cell  cytoplasm  (Fig.  7).  Only  small  collections  of  multilaminate 
membrane  structures  were  found,  however,  never  the  whorls  or  plates 
seen  with  emerging  male  gametocytes.  Nor  were  the  bleb-like  vacuoles 
in  the  host  cell  cytoplasm  of  emerging  males  seen  with  female  gametocytes. 
However,  in  contrast  to  the  male  gametocyte,  the  plasmalemma  of  an  RBC 
infected  with  a  female  gametocyte  often  disintegrated  completely  with  total 
loss  of  host  cytoplasmic  contents  before  any  signs  of  disruption  appeared 
in  the  PVM.  The  PVM  was  subsequently  shed  and  the  female  gametocytes 
almost  invariably  emerged  as  completely  extracellular  within  4  to  8  minutes 
of  stimulation  (Fig.  8). 

Following  the  emergence  of  the  gametocytes,  the  fate  of  the  double 
membrane,  lying  beneath  the  gametocyte  plasmalemma,  was  characteristically 
different  according  to  sex.  In  the  female  gametocytes,  this  membrane, 
although  discontinuous,  remained  intact  following  emergence  and  subsequent 
development  (Fig.  8).  In  the  male,  however,  the  double  membrane  broke 
down  at  an  early  stage  in  male  gametogenesis  (Fig.  5  inset). 
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ii.  Formation  of  the  male  gametes 

Extensive  activity  in  the  nucleus  and  the  cytoplasm  began  almost 


immediately  after  activation  in  the  male  gametocyte  (Fig.  4).  Cytoplasmic 
axonemes  and  intranuclear  spindle  microtubules  appeared  simultaneously 
as  the  nucleus  underwent  extensive  lobe  formation  (Figs.  4,  6).  The 
intranuclear  spindle  derived  from  an  electron-dense  pore  in  the  nuclear 
membrane  closely  adjacent  to  a  centriole-like  structure  in  the  cytoplasm, 
the  "atypical  centriole"  described  in  gametocytes  (Fig.  4).  A  lobe  of  the 
gametocyte  nucleus  passed  into  the  exiting  gamete  closely  opposed  to  the 
axoneme.  As  the  nuclear  lobes  extended  into  the  gametes,  they  acquired 
increasing  electron  density.  These  events  were  essentially  similar  to  those 
described  in  other  Haemosporina  (13,  29,  30). 

The  extracellular  male  gametes  were  surrounded  by  a  single  unit 
membrane  and  contained  a  highly  electron-dense  nucleus  surrounded  by 
two-unit  membranes.  Occasionally,  more  than  one  nuclear  body  appeared 
to  be  present  within  a  single  male  gamete.  Usually  one,  but  not  infrequently 
two  or  even  more  axonemes  were  present  in  a  single  male  gamete.  The 
cytoplasm  of  the  male  gamete  was  otherwise  totally  devoid  of  contents  other 
than  a  fine  granular  matrix.  Ribosomes  were  notably  absent.  The  male 
gamete  was  covered  by  a  fine  granular  surface  coat.  Micrographs  of  male 
gametes  were  not  shown,  since  many  authors  demonstrated  them  in  the 
past  (5,  7,  28,  29)  . 

iii.  The  female  gamete  (Fig.  8) 

On  completing  emergence,  the  female  gametocyte  is,  in  effect,  a 
female  gamete.  As  described  above,  the  double  membrane  beneath  the 
parasite's  plasmalemma  remains  generally  intact  but  is  now  interrupted  at 
intervals  by  short  gaps.  The  cytoplasm  of  female  gametes  contained 
essentially  the  same  structures  as  were  present  in  the  intracellular  gametocyte 


namely  mitochondria,  food  vacuoles,  endoplasmic  reticulum,  a  Golgi  complex, 
and  numerous  ribosomes  and  osmiophilic  bodies,  the  latter  now  reduced 
in  numbers.  The  nucleus  remained  generally  compact,  although  lobe¬ 
like  extensions  were  sometimes  found.  The  nucleolus  was  generally 
contained  in  a  pocket  of  the  nuclear  envelope.  The  four  to  six  nuclear 
pores  plugged  with  electron-dense  material  seen  in  the  intracellular  female 
gametocyte  were  associated  in  a  regular  arrangement  with  an  equal  number 
of  electron-dense  structures  in  the  nucleoplasm  (Fig.  8  inset  ). 

Nuclear  microtubules  were  not  seen  within  the  nucleus  of  the  female 
gamete . 

Neither  axonemes  nor  other  cytoplasmic  microtubules  were  present 
in  unfertilized  famale  gametes.  The  surface  of  the  female  gamete  was 
covered  by  a  fine  granular  coat. 

Fertilization 

Fusion  of  the  plasmalemmas  of  male  and  female  gametes  has  previously 
been  described  during  fertilization  in  malaria  parasites  (16,  30).  Our 
observations  were  consistent  with  this  interpretation.  Although  subsequent 
fusion  with  additional  male  gametes  is  apparently  prevented,  as  observed 
by  light  microscopy,  no  obvious  immediate  changes  were  noted  in  the 
membrane  of  the  fertilized  female  gamete,  which  might  account  for  its 
refractoriness  to  multiple  fertilizations. 

Shortly  after  gamete  fusion,  a  process  largely  effected  within  15  to 
20  minutes  of  initiation  of  gametogenesis  (9),  a  number  of  changes  were 
observed  in  the  female  gamete  or  zygote,  as  it  may  now  be  called.  A 
large  gap  in  the  double  inner  membrane  of  the  cell  appeared  reflecting 
increased  surface  area  presumably  due,  at  least  in  part,  to  fusion  of  the 
cell  membranes  of  male  and  female  gametes. 

The  axoneme  and  nucleus  of  the  male  gamete  remained  in  recognizable 
form  in  the  cytoplasm  of  the  zygote  at  this  time  (Fig.  9).  The  male 


nucleus  remained  electron-dense  although  less  so  than  in  the  male  gamete. 

It  was  enclosed  by  an  envelope  of  two-unit  membranes,  as  in  the  gamete, 
but  was  now  closely  surrounded  by  a  third  membrane  (Fig.  9)  which 
appeared  to  be  an  extension  of  the  endoplasmic  reticulum  (ER)  of  the 
female  gamete.  The  male  nucleus  appeared  to  travel  through  a  channel 
of  ER  to  a  region  of  the  female  nucleus  in  which  the  nuclear  envelope  was 
thrown  into  a  complex  of  convoluted  folds  (Fig.  10).  The  outer  membrane 
surrounding  the  male  nucleus  (i.e.,  that  presumed  to  be  continuous  with 
the  ER)  became  continuous  with  the  outer  membrane  of  the  nuclear  envelope 
(NE)  closely  adjacent  to  the  convoluted  region.  At  this  point,  therefore, 
male  and  female  nuclei  were  surrounded  by  the  same  membrane  continuous 
with  the  outer  envelope  of  the  NE  of  the  female  nucleus. 

Transformations  in  the  zygote 

While  these  events  were  in  progress,  the  nucleus  and  cytoplasm  of 
the  fertilized  female  gamete  underwent  other  changes.  The  nucleus  and 
the  cell  itself  become  polarized.  The  nucleus  of  the  zygote  elongated  in 
the  form  of  a  cone,  whose  apex  extended  towards  the  cell  membrane  distal 
to  the  nucleolus,  which  invariably  lay  in  a  pocket  at  one  side  of  the  base 
of  the  cone  (Fig.  11).  The  tip  of  the  cone  was  closely  associated  with  two 
cytoplasmic  centrioles  (Fig.  12)  from  which  region  bundles  of  cytoplasmic 
microtubules  radiated  around  the  nucleus  towards  its1  base  (Figs.  12,  13, 

14).  At  the  apex  of  the  nucleus,  electron  dense  material  was  deposited 
just  below  the  plasmalemma  of  the  parasite  (Fig.  14).  These  events  occurred 
within  2  hours  after  gamete  fusion. 

The  electron  dense  material  deposited  at  the  nuclear  apex  is  the 
anlage  of  the  incipient  apical  complex  and  the  triple  membraned  pellicular 
complex,  which  will  eventually  surround  the  mature  ookinete  (Fig .  15). 


Beneath  the  zygote  plasmalemma,  an  inner  membrane  appeared  and  beneath 
this,  the  electron  dense  material  deposited  at  the  apex  of  the  nucleus 
gave  rise  to  a  third  dense  membrane  (Fig.  15,  inset).  By  8  to  10  hours 
post  fertilization,  the  formation  of  the  apical  complex  had  progressed  to 
the  point  where  subpellicular  microtubules  began  to  extend  beneath  the 
pellicle,  and  the  deposit  of  electron  dense  material,  the  developing  canopy, 
extended  away  from  the  apex  (Fig.  16).  At  the  apex  itself,  the  "polar 
rings"  became  visible  as  distinct  structures,  and  the  whole  complex  began 
to  protrude  from  the  side  of  the  previously  spherical  zygote.  The  nucleus 
was,  by  this  time,  no  longer  extended  in  a  cone  toward  the  site  of  the 
apical  complex  formation  and  had  retracted  to  the  center  of  the  cell. 

At  about  the  same  time  (8  to  10  hours),  as  these  developments 
were  occurring,  other  changes  were  taking  place  in  the  cytoplasm. 
Extensive  endoplasmic  reticulum  (ER)  appeared  and  the  crystalloid  began 
to  be  laid  down  by  an  expansion  of  the  ER .  In  the  region  of  the  apical 
complex,  the  electron  dense  bodies,  similar  in  appearance  to  the  osmiophilic 
bodies  of  gametocytes,  appeared  as  the  precursors  of  the  micronemes  of 
the  mature  ookinete  (Fig.  17). 

From  about  this  point  in  time  onward,  therefore,  all  the  structures 
and  organelles  of  the  mature  ookinete  were  present  rt  least  in  incipient 
form.  Elongation  of  the  ookinete  continued  to  completion  by  18  to  24  hours 
post  fertilization  and  was  characterized  largely  by  an  extension  of  the 
pellicular  complex  and  a  proliferation  of  micronemes.  The  nucleolus 
was  retained  throughout  the  developmental  process  and,  as  the  ookinete 
approached  maturity,  the  nucleus  acquired  a  compact  oval  shape  with 
patches  of  heterochromatin  in  the  nucleoplasm  (Fig.  17).  Although 
occasionally  seen  in  early  zygotes,  intranuclear  spindles  were  not  seen 
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during  subsequent  maturation  of  the  ookinetes.  The  structures  in  the 
anterior  1/3  of  a  mature  ookinete  are  illustrated  in  cross-sections  in  Figs. 
18-21. 

Unfertilized  female  gamete  (Fig.  22). 

Female  gametes,  which  had  been  prevented  from  being  fertilized, 
underwent  none  of  the  changes  described  above  for  zygotes  after  incubation 
for  24  hours  under  identical  culture  conditions.  The  cell  and  cytoplasm, 
although  structurally  intact  and  viable  up  to  this  point,  were  devoid 
of  most  structures  and  organelles  with  the  exception  of  hemozoin  containing 
food  vacuoles,  mitochondria,  and  the  still  numerous  ribosomes.  The  cell 
was  mainly  surrounded  by  a  single  unit  membrane.  Interestingly,  however, 
there  were  at  various  points  beneath  the  ce1!  membrane  deposits  of  electron 
dense  material  (Fig.  22,  inset)  reminiscent  of  those  deposited  in  the  zygote 
in  the  early  stages  of  ookinete  formation. 

DISCUSSION 

The  observations  made  in  this  study  cover  the  events  involved  in 
the  transformation  of  male  and  female  gametocytes  of  P.  gallinaceum ,  as 
found  in  the  circulation  in  the  avian  host,  through  to  the  formation  of  the 
mature  ookinete,  the  final  stage  of  development  of  the  parasite  in  the 
midgut  of  the  mosquito  vector.  Although  these  transformations  have  been 
subject  to  several  studies  in  various  species  of  malaria  parasites  and  other 
Haemosporina ,  certain  aspects  analyzed  in  some  detail  in  the  present  study 
have  not  been  adequately  described  previously  for  malaria  parasites.  These 
areas  are  i)  the  nature  of  the  parasitophorous  vacuole  of  gametocytes  and 
the  processes  of  emergence  of  male  and  female  gametocytes  from  their  host 
cells,  ii)  the  behavior  of  male  and  female  gamete  nuclei  immediately  after 
fertilization,  and  iii)  the  early  ultrastructural  events  in  the  transforming 
zygote. 


The  structures  of  the  intracellular  gametocytes  of  P.  gallinaceum 
found  in  the  present  study  conform  to  previous  observations  of  gametocytes 
of  avian  plasmodia  (2,  31)  and  are  closely  related  to  those  of  avian 
Haemopt'oteidae  (5,  13).  Although  evident  from  published  data  (2),  it 
has  not  previously  been  noted  that  the  parasitophorous  vacuole  is  of 
similar  electron  density  to  that  of  the  host  cytoplasm,  in  contrast  to 
the  electron  lucent  vacuole  of  asexual  trophozoites.  The  significance  of 
this  observation  is  unclear  except  that  it  appears  to  be  a  universal 
characteristic  in  avian  malarias,  at  least,  and  suggests  the  possibility  of 
functional  differences  between  the  PVM/s  of  gametocytes  and  asexual 
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parasites . 

Following  activation  by  a  suitable  stimulus,  gametocytes  (25,  26) 
undergo  a  series  of  rapid  transformations,  leading  to  formation  of  male 
or  female  gametes  and  fertilization.  The  nuclear  events  involved  and 
the  actual  formation  of  the  gametes  have  been  well  described  by  previous 
investigators  (5,  7,  13,  16,  28-31);  the  observations  recorded  here  for 
P.  gallinaceum  are  generally  consistent  with  them.  The  process  by  which 
the  activated  gametocytes  of  Plasmodium  emerge  from  their  host  cells  has 
not  previously  been  fully  described  at  an  ultrastructural  level.  We  have 


demonstrated  here  that  the  male  and  female  gametocytes  have  characteristic 

differences  in  mediating  this  process.  The  main  difference  between  them 

lies  in  the  relative  efficiency  with  which  the  plasmalemma  of  the  host  cell 

is  disrupted.  In  the  case  of  the  female,  this  is  mediated  very  effectively 

and  frequently  precedes  disruption  of  the  PVM.  In  contrast  to  the 

plasmalemma  of  the  host  cell,  the  PVM  is  disrupted  with  similar 

effectiveness  by  gametocytes  of  either  sex.  As  a  consequence  of 

this  difference  in  male  and  female  gametocyte  emergence,  the  mature  female 

gametes  are  almost  invariably  found  to  be  devoid  of  adhering  host  cell  membranes, 


Male  gametocytes,  on  the  other  hand,  are  frequently  found  to  be  enclosed 
in  the  host  cell  membrane  during  male  gamete  formation  (exflagellation), 
together  with  the  nucleus  of  the  avian  red  blood  cell.  Similar  observations 
by  light  microscopy  by  Dresser  et  al.  (15)  on  Leucocytozoon  simondi  suggest 
that  this  difference  in  behavior  of  male  and  female  gametocyte  may  be  a 
general  characteristic  of  the  Haemosporina. 

Based  on  our  present  observation,  together  with  others  made  by 
previous  investigators,  we  are  able  to  define  the  characteristic  features 
which  allow  distinction  between  male  and  female  gametocytes  following 
activation.  This  is  an  important  and  otherwise  not  always  obvious  distinction 
which  allows  us  to  determine  whether,  for  instance,  a  cell  containing  an 
axoneme  is  an  exflagellating  male  gametocyte  or  a  fertilized  female  gamete. 

The  main  distinctions,  previously  noted  between  male  and  female  gametocytes, 
have  been  the  relatively  high  density  of  cytoplasmic  ribosomes  and  relatively 
compact  nucleus  in  the  female,  compared  to  the  male  gametocyte  (1).  While 
this  distinction  is  broadly  true,  it  is  frequently  hard  to  distinguish  the  sexes 
on  these  criteria.  In  avian  malaria  parasites,  the  most  unequivocal  distinction 
if  visible  in  an  E.M.,  section,  is  the  presence  of  a  nucleolus  in  the  female; 
an  organelle  never  seen  in  the  male  gametocyte.  Following  activation, 
extensive  lobe  formation  of  the  nucleus  and  the  appearance  of  many  axonemes 
can  readily  identify  a  male  gametocyte.  However,  as  pointed  out,  axonemes 
and  also  nuclear  lobes  may  occur  in  cross-sections  of  fertilized  female 
gametes.  Cytoplasmic  centrioles,  associated  with  the  nuclear  envelope, 
are  also  present  in  gametocytes  of  both  sexes.  The  pattern  of  disruption 
of  host  cell  and  PV  membranes  may,  as  described  above,  provide  a  good 
indication  of  the  sex  of  an  activated  gametocyte,  while  the  actual  formation 
of  the  male  gametes  themselves  obviously  defines  the  sex  of  the  gametocyte. 
However,  none  of  these  indicators  of  sex  may  be  evident  in  an  E.M.  section. 


One  property  of  gametocytes  of  avian  malarias  becomes  evident  shortly 
after  activation  which  has  been,  in  our  experience,  a  completely  reliable 
indicator  of  sex  and  is  evident  in  almost  any  section.  This  is  the  previously 
unnoted  property  whereby  the  double  membrane  of  the  male  gametocyte 
becomes  disrupted  into  numerous  short  fragments,  shortly  after  activation. 

In  contrast,  the  corresponding  double  membrane  of  the  female  remains 
extensively  continuous  over  large  areas  and  even  when  significant  dis¬ 
continuities  appear  in  it  following  fertilization,  these  occur  in  one  or  two 
large  areas,  leaving  the  double  membrane  mainly  continuous  elsewhere. 

By  applying  these,  and  especially  the  latter  criterion  for  sex 
determination,  we  have  been  able  to  confidently  follow  the  fate  of  the 
male  gamete,  its'  axoneme  and  nucleus  during  fertilization  of  female  gametes. 
Fusion  of  the  cell  membranes  of  male  and  female  gametes  of  Haemosporina 
during  fertilization  has  been  previously  reported  by  several  workers 
(16,  30).  Following  gamete  fusion,  subsequent  entry  of  other  male  gametes 
is  apparently  prevented  according  to  observations  by  light  microscopy,  in 
which  many  additional  male  gametes  usually  attach  to  but  do  not  enter  a 
fertilized  female  (26),.  No  changes  were  recognized  at  an  ultrastructural 
level  in  the  female  gamete,  which  indicates  a  mechanism  for  preventing 
multiple  fertilizations. 

The  only  apparent  alteration  in  the  membranes  of  the  female  gamete 
noted  here,  in  association  with  the  time  of  fertilization,  was  the  appearance 
of  a  large  gap  in  the  double  inner  membrane.  This  gap  reflects  an  increase 
in  the  surface  area  of  the  outer  membrane  or  plasmalemma  of  the  female 
gamete  and  is  presumably  due,  at  least  in  part,  to  fusion  of  the  cell  membranes 
of  male  and  female  gametes.  It  may  be  estimated  from  the  dimensions  of  male 
and  female  gametes  that  between  1/6  and  1/5  of  the  surface  membrane  of  the 
zygote  is  contributed  by  the  male  gamete  (see  Appendix).  Expansion  of  the 
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plasmalemma  of  the  female  gamete  may  also  precede  fertilization ,  as  has  been 
reported  for  P.  falciparum  (29).  Following  fusion  of  male  and  female  gametes, 
the  axoneme  of  the  male  now  lies  free  in  the  cytoplasm  of  the  female,  as 
has  been  observed  in  several  previous  studies  (13,  16,  30).  The  male 
gamete  nucleus,  on  the  other  hand,  was  seen  in  our  studies  to  be  enclosed 
in  a  channel  of  endoplasmic  reticulum,  a  phenomenon  not  previously  recorded. 
This  association  of  the  male  nucleus  with  the  female  ER  appeared  to  be 
maintained  up  to  the  point  of  fusion  of  male  and  female  nuclei  in  a  region 
adjacent  to  a  complex  of  convolutions  in  the  envelope  of  the  female  nucleus. 

Almost  immediately  following  fusion  of  male  and  female  gametes  and 
probably  even  before  fusion  of  their  nucle  the  nucleus  of  the  female 
gamete  begins  to  polarize  in  a  process  simile,  to  that  described  in  Haemoproteus 
(17)  but  not  previously  in  Plasmodium.  The  nucleus  extern:  at  »  point 
distal  to  the  nucleolus.  The  convoluted  nuclear  membrane-  are  -e-  n  in 
close  association  with  the  zygote  membrane  showing  a  gap  in  the  double 
inner  membrane.  This  extension  of  the  nucleus,  in  association  with  two 
cytoplasmic  centrioles,  is  the  prelude  to  the  deposition  of  the  structures 
of  the  apical  complex  and  appears  to  be  a  general  phenomenon  in  this  group 
of  parasites  at  this  stage  of  their  development.  However,  whereas  in  our 
observations  on  P.  gallinaceum ,  the  extension  of  the  nucleus  was  associated 
with  the  presence  of  two  bundles  of  microtubules  in  the  cytoplasm  and  the 
absence  of  microtubules  in  the  nucleus  in  the  study  H.  columbae  (17), 
the  reverse  was  true.  As  pointed  out  by  Gallucci  (17),  the  involvement 
of  centrioles  or  indeed  the  nuclear  extension  reported  here,  in  association 
with  the  formation  of  the  apical  complex,  has  not  been  reported  in  any 
other  life  cycle  stage  of  this  group  of  parasites. 

By  about  8  to  12  hours  post  fertilization,  all  the  essential  structures 
and  organelles  of  the  mature  ookinete  appear  to  be  present  as  previously 


described  (24).  The  subsequent  development  of  the  zygote, as  it  matures 
into  an  ookinete  ,  consists  essentially  of  an  elongation  of  the  apical  end 
leading  to  the  transformation  from  a  spherical  zygote  to  the  elongated 
form  of  the  mature  ookinete,  whose  structures  have  been  described  in 
previous  studies  on  related  Haemosporina  (8,  12,  14,  17-20,  33). 

We  have  also  observed  the  behavior  of  unfertilized  female  gametes 
of  P.  gallinaceum  maintained  under  the  same  in  vitro  conditions  as  those 
which  supported  the  transformation  of  fertilized  zygotes  into  mature  and 
functional  ookinetes.  Such  unfertilized  female  gametes  remained  almost 
entirely  devoid  of  new  structures.  It  was  interesting  to  note, however, 
that  deposits  of  electron  dense  material  were  found  beneath  the  plasmalemma 
of  such  parasites,  similar  to  those  deposited  in  the  early  stages  of  the 
transformation  of  the  fertilized  zygotes.  It  appears,  therefore,  that 
while  the  stimulus  of  fertilization  is  necessary  for  the  full  process  of 
ookinete  formation,  limited  development  takes  place  in  the  female  gamete 
even  without  this  event.  Similar  limited  synthesis  of  surface  proteins, 
otherwise  associated  with  the  ookinete  stage,  has  also  been  found  to  take 
place  in  such  unfertilized  female  gametes  (Carter  and  Kaushal,  unpublished 
observations)  . 


APPENDIX 


The  approximate  surface  areas  of  male  and  female  gametes  may  be 
estimated  from  their  dimensions.  The  female  gamete  of  P.  gal  1 i naceum 
is  a  sphere  with  a  diameter  of  about  6p.  The  dimensions  of  a  male 
gamete  of  P.  gal  1 i naceum  are  essentially  those  of  a  cylinder  about 
20p  in  length  and  0.4p  in  diameter. 

The  surface  area  of  the  female  gamete  is  thus  derived  from  the 
formula  for  the  surface  area  o.  a  sphere,  4nr2  =  4  x  3.14  x  32  x  (j2  ? 

110p2. 

The  surface  area  of  the  male  gamete  is  derived  from  the  formula 
for  the  surface  area  of  a  cylinder,  2nr  x  length  +  2nr2  =  2nr  (length 
+  r)  S  2  x  3.14  x  0.4  x  20p2  s  24p2. 

The  total  surface  area  of  the  zygote  is  thus  130  to  140p2  of 
which  between  1/6  and  1/5  is  contributed  by  the  male  gamete. 
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FIGURE  LEGENDS 
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Fig. 

Fig. 

Fig. 


All  electron  micrographs  are  of  P.  gallinaceum. 

.  Female  gametocyte  before  activation  within  a  red  blood 
cell.  The  gametocyte  is  enclosed  by  the  parasitophorous 
vacuole  membrane  (PVM)  .  Beneath  the  PVM  lies  the 
plasmalemma  of  the  parasite  (single  arrow)  and  beneath 
this,  the  double  layered  membrane  (double  arrow)  character¬ 
istic  of  the  gametocyte  pellicle.  In  addition  to  mitochondria 
(M)  and  endoplasmic  reticulum,  osmiophilic  bodies  (Ob)  , 
characteristic  organelles  of  gametocytes,  are  present  in 
the  cytoplasm  of  the  parasite.  X  27,000.  Inset:  High 
magnification  micrograph  showing  the  parasitophorous 
membrane  and  gametocyte  membrane.  X  30,000. 

.  Unit  membrane  bound  blebs  or  vesicles  (arrow)  are  seen 
in  the  erythrocyte  infected  with  gametocytes.  X  32,000. 

.  Electron  micrograph  showing  a  spherical  body  (Sb)  and 
mitochondria  (M)  of  gametocytes.  X  27,000. 

.  Activated  male  gametocyte.  Axonemes  (A)  are  present  in  the 
cytoplasm.  A  centriole  (C)  is  adjacent  to  electron-dense 
nuclear  material  (arrow)  and  intranuclear  spindle  (Ns). 

The  nucleus  (N)  itself  has  become  lobed.  Membrane-bound 
blebs  and  vesicles  are  present  in  the  erythrocyte  cytoplasm 
(double  arrow).  The  PVM  is  still  largely  intact.  X  33,000. 
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Fig.  5.  An  activated  male  gametocyte  in  which  the  PVM  has  disrupted 
completely  and  collected  as  multilaminated  membrane  whorls 
(W)  in  the  host  cytoplasm.  The  hose  cell  membrane  remains 
intact  retaining  the  host  cell  nucleus  (HCN)  .  The  host 
cytoplasm  has  lost  electron  density  and  is  filled  with 
numerous  membrane-bound  blebs  (arrows).  X  26,500. 

Inset:  Activated  male  gametocyte  in  which  the  plasmalemma 
of  the  host  cell  (arrows)  has  not  disrupted  and  now  tightly 
encloses  the  parasite.  The  inner  membrane  of  the  gametocyte 
has  begun  to  break  down  (double  arrow).  X  24,000. 


Fig.  6.  Intracellular  activated  male  gametocyte.  The  condition  of 
the  cytoplasm,  the  PVM  and  host  cell  plasmalemma,  the 
configuration  of  the  parasite  nucleus  (N)  and  the  dispersion 
of  axonemes  (A)  all  indicate  that  the  gametocyte  has  reached 
a  more  advanced  stage  of  gametogenesis  than  that  in  Fig.  5. 
Note  many  multilaminated  membrane  whorls  (arrow)  and 
vesicles  (V)  in  the  erythrocyte  cytoplasm.  X  25,000. 

Inset:  Higher  magnification  micrograph  of  intranuclear 
spindles  (arrow)  in  the  nuclei.  X  50,000. 


Fig.  7.  An  activated  female  gametocyte  in  which  the  PVM  has  already 
disrupted  and  collected  as  multilaminated  structures  (single 
arrow)  in  the  cytoplasm  of  the  host  cell.  The  host  cell 
plasmalemma  (double  arrows)  shows  signs  of  disruption. 

The  nucleus  (N)  of  the  gametocyte  contains  a  nucleolus  (Nc)  . 
X  30,000. 
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Fig.  8.  An  extracellular  female  gamete.  The  plasmalemma  is  covered 

with  a  fine  fibrillar  surface  coat  (arrow)  .  The  inner  membrane 
of  the  gametocyte  is  indicated  by  a  double  arrow.  A  nucleus 
(N)  with  a  nucleolus  (Nc) ,  mitochondria  (M)  and  Golgi 
complex  (G)  are  present.  X  41,000.  Inset:  Nucleus 
(N)  of  an  extracellular  female  gamete  showing  regular 
arrangement  of  nuclear  pores  (single  arrow)  and  electron 
dense  patches  (double  arrow)  within  the  nucleoplasm.  X  30,000. 

Fig.  9.  Zygote  containing  an  axoneme  (A)  and  a  male  gamete  nucleus 
(Mn)  .  The  male  nucleus  is  enclosed  in  endoplasmic 
reticulum  (ER)  .  A  tangential  section  of  the  nuclear 
membrane  of  the  female  gamete  shows  a  series  of  pores 
(arrow).  X  49,000. 

Fig.  10.  A  zygote  showing  convoluted  folds  (arrow)  of  the  nuclear 
membrane.  A  male  nucleus  (Mn)  is  present  adjacent  to  the 
folds.  X  25,000. 

Fig.  11.  A  zygote  showing  the  polarization  of  the  nucleus  (N)  as  the 
zygote  begins  to  differentiate  to  become  an  ookinete.  Note 
the  nucleus  is  triangular  in  shape.  A  cone  (arrow)  is  formed 
distal  to  the  nucleolus  (Nc)  and  is  dosely  associated  with  the 
zygote  cell  membrane.  X  21,000. 


Fig.  12.  High  magnification  electron  micrograph  of  a  zygote.  The 
tip  of  the  nuclear  cone  (arrow)  is  closely  associated  with 
two  centrioles  (C)  ,  from  which  region  bundles  of  micro¬ 
tubules  (Mt)  radiate  around  the  nucleus  (N)  towards 
its  base.  Electron  dense  material  (D)  is  also  present 
between  the  tip  of  the  nuclear  cone  and  the  plasma 
membrane.  X  42,000. 

Fig.  13.  A  zygote  showing  bundles  of  microtubules  (Mt)  radiating 
around  the  nucleus  (N)  from  the  electron  dense  zone  (D)  . 

X  33,000. 

Fig.  14.  Apical  region  of  the  zygote  nucleus  showing  an  appendix¬ 
like  extension  (NAP)  of  the  nucleus  extending  in  the 
direction  of  the  apex.  Microtubules  (Mt)  which  originate 
from  the  electron  dense  material  (D)  ,  radiate  through  the 
cytoplasm  on  either  side  of  the  nucleus.  X  32,000. 

Fig.  15.  As  transformation  of  the  zygote  to  an  ookinete  progresses, 
the  triple  membrane  pellicular  complex  (arrow)  which  will 
eventually  surround  the  mature  ookinete  becomes  evident. 
Subpellicular  microtubules  (Mt)  appear  just  beneath  the 
pellicular  complex  and  the  crystalloid  (Cr)  begins  to  be 
laid  down  within  expanded  endoplasmic  reticulum.  X  33,000. 
Inset:  High  magnification  micrograph  showing  triple 

pellicular  membranes.  A  fine  line  (arrow)  between  the 
2nd  and  3rd  membrane  can  be  seen.  X  38,000. 
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Fig.  16.  A  longitudinal  section  of  the  apical  end  of  a  mature  ookinete. 

Polar  rings  (Po)  ,  a  canopy  (Ca)  ,  subpellicular  cavity  (Sc), 
subpellicular  microtubules  (Mt)  and  micronemes  (Mi)  are 
present.  X  40,000. 

Fig.  17.  Electron  micrograph  of  mature  ookinetes.  The  apical  end 

contain  many  micronemes  (Mi)  ,  a  nucleus  (N)  is  situated  in 
the  midportion  and  the  main  body  of  the  crystalloid  (Cr)  is 
in  the  posterior  end.  X  8,300. 

Fig.  18.  An  ookinete  cross-sectioned  at  the  level  of  the  apical  end. 

Relationship  between  triple  membraned  pellicle,  an  electron 
dense  canopy  (Ca)  ,  a  subpellicular  cavity  (Sc)  ,  subpellicular 
microtubules  (Mt)  and  micronemes  (Mi)  is  clearly  demonstrated. 
X  50,000. 

Fig.  19.  A  cross  section  of  the  ookinete  cut  at  a  level  just  posterior 
that  in  Figure  18.  The  subpellicular  cavity  (Sc)  begins  to 
form  subcompartments.  Also,  ribs  (arrow)  extend  inward 
from  the  canopy  (Ca).  X  50,000. 

Fig.  20.  A  cross  section  of  the  ookinete  cut  at  a  level  posterior  to 
that  in  Figure  19.  Subcompartments  of  the  subpellicular 
cavity  (Sc)  and  canopy's  ribs  (arrow)  become  more  evident. 

A  microtubule  (Mi)  runs  along  side  each  rib.  X  50,000. 
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